The effective magnetoelastic coefficients B i eff are measured for epitaxial layers of Fe, Co, and Ni on Ir͑100͒.
I. INTRODUCTION
The magnetic properties of ferromagnetic epitaxial layers and nanostructures often deviate from that of their bulk counter parts.
1,2,4-9 A most intriguing aspect is the change in the easy magnetization direction away from that of the respective bulk sample. [10] [11] [12] [13] [14] [15] One important issue in understanding the physical principle behind this change in magnetic anisotropy on the nanoscale is how the almost inevitable lattice strain of the nanostructure or ferromagnetic film couples to the magnetic anisotropy. 12, [16] [17] [18] [19] [20] This link between lattice strain and magnetic anisotropy is given by the magnetoelastic ͑ME͒ coupling, which is defined as the strain derivative of the magnetic anisotropy energy. 21 An intriguing result of recent experimental and theoretical works is that lattice strain changes the magnetoelastic coupling. For Fe monolayers on W͑100͒ even a change in sign of the magnetoelastic coupling coefficients as compared to bulk Fe has been found. 12 Theory predicts a nontrivial impact of lattice strain on the magnetic anisotropy. 22 Whereas magnetoelastic bulk behavior should induce a linear relation between magnetic anisotropy energy and lattice strain, calculations identify the importance of higher-order strain contributions. 23 Theory indicates that the magnetic anisotropy changes with lattice strain in a nonmonotonic manner. 22 Thus, both experiment and theory indicate that the application of bulk magnetoelastic coupling coefficients may not be appropriate to predict the magnetic anisotropy of strained films. 12 Qualitatively, the electronic origin of the magnetic anisotropy is based on the coupling of the electron-spin magnetic moment to the crystal lattice as expressed by the relativistic spin-orbit coupling ͑SOC͒. 3, 4 The intrinsic complexity of magnetic anisotropy and its small energy scale of order of 1 eV per atom in cubic transition-metal atoms render very demanding calculations of magnetoelastic effects due to the required high numerical accuracy. 4 Highly accurate calculations of the spin-resolved electronic structure and its dependence on strain are required to treat magnetoelastic effects, and they have been performed for selected examples. [22] [23] [24] [25] [26] [27] These theoretical works and experiments 28 have clearly shown that the loss of cubic symmetry of an epitaxially strained system is correlated with a change in the magnetic anisotropy energy by orders of magnitude.
Relativistic electronic structure calculations have revealed that strain-induced topological changes in the Fermi surface are decisive for the understanding of magnetoelastic coupling in strained systems. 22, 26, 27 However, a clear understanding has not emerged yet which allows a prediction on the effective magnetoelastic coupling in ultrathin films and nanostructures in general. This shortcoming is also due to the very limited experimental database which serves as a comparison for calculations. In cases where both experimental and theoretical data are available the agreement between experiment and theory is often qualitative at best. Theory and experiment are also found to disagree in other cases. 27 In order to contribute to a better understanding of magnetoelastic effects, we present here experimental data on the magnetoelastic coupling in strained epitaxial layers of Fe, Co, and Ni on Ir͑100͒. We discuss the results in view of in situ stress measurements and structural investigations. We find in all cases that the magnetoelastic coupling of the layers deviates from the respective bulk value. Our combined stress and structural investigations identify lattice strain as an important factor for the modified magnetoelastic coupling in epitaxially strained layers. This paper is organized as follows. Sample preparation and experimental details on the determination of film strain and of effective magnetoelastic coupling coefficients from stress measurements are introduced in Sec. II. The experimental results are presented in Sec. III. The experimental results are analyzed and discussed also in view of recent theoretical work in Sec. IV. The conclusion is given in Sec. V.
II. EXPERIMENTAL DETAILS

A. Sample preparation and experimental techniques
The experiments are performed in an ultrahigh vacuum chamber ͑UHV͒ with a base pressure of 5 ϫ 10 −11 mbar. Stress induced by film growth and by film magnetization is measured by the crystal curvature technique, which has been described in detail in Refs. 12, 29, and 30. Epitaxial layers of Fe, Co, and Ni are prepared by electron-beam ͑e-beam͒ evaporation under UHV conditions with a typical growth rate of 1 ML/min ͑1 ML: 1 monolayer= 1 layer of atoms with the same surface density as compared to the substrate͒. The film thickness is calibrated by monitoring medium-energy electron diffraction ͑MEED͒ ͑E = 3 keV͒ intensity oscillations 31 and by using a quartz microbalance. Surface structure and magnetism are studied in situ by low-energy electron diffraction ͑LEED͒ ͑Refs. 32-34͒ and magneto-optic Kerr effect ͑MOKE͒ ͑Ref. 35͒ measurements, respectively.
We use the Ir͑100͒-͑1 ϫ 1͒ surface as a substrate for film growth. The epitaxial misfit between Fe, Co, Ni, and this substrate induces considerable film strain, and the effect of strain on the magnetoelastic properties can be studied as discussed below.
The Ir͑100͒ crystal ͑length: 12 mm, width: 2.5 mm, and thickness: 0.1 mm͒ is clamped at its top end along its width to a sample manipulator. The crystal is cleaned by Ar + ion bombardment ͑ion energy: 2 keV and ion current: 3 A͒ and subsequent annealing at 1500 K for 10 s. This procedure leads to a clean front surface of the crystal, as checked by Auger electron spectroscopy ͑AES͒, which indicates that the surface contamination with foreign atoms such as C and O is below 1% of a monolayer. The backside of the crystal is not bombarded by ions, and it remains contaminated, rendering it inert for adsorption from the gas phase. 36 The clean surface is characterized by a quasihexagonal ͑5 ϫ 1͒Hex reconstruction, as identified by LEED. 37 The Ir͑100͒-͑5 ϫ 1͒Hex substrate is then annealed in oxygen ͑P O 2 =5ϫ 10 −6 mbar͒ at 1400 K for 10 s until an oxygen terminated Ir͑100͒-͑2 ϫ 1͒-O reconstruction is observed in LEED. The Ir͑100͒-͑1 ϫ 1͒ surface is finally obtained by subsequently exposing the Ir͑100͒-͑2 ϫ 1͒-O layer to hydrogen ͑P H 2 =2ϫ 10 −7 mbar at 400 K͒. 33, 38 This preparation results in a Ir͑100͒-͑1 ϫ 1͒ surface, as checked by LEED, and this surface serves as a template for epitaxial growth of the magnetic layers. We note that the ͑5 ϫ 1͒-H reconstructed Ir͑100͒ surface can be obtained by exposing the ͑5 ϫ 1͒Hex surface to 10 L H 2 at 300 K.
B. Determination of magnetoelastic coefficients and film strain from stress measurements
The dependence of the magnetic anisotropy on lattice strain is ascribed to the so-called magnetoelastic coupling. 21 Magnetoelastic coupling coefficients can be measured by either extracting the change in magnetic anisotropy of a sample upon straining it ͑e.g., by bending͒ or by measuring the magnetoelastic stress upon a magnetization reorientation in external magnetic fields. 12 Magnetoelastic stress is the driving force for magnetostriction of bulk samples, and it reflects the correlation between lattice strain and magnetism, where it is experimentally found that a lattice of a magnetic material might expand or contract upon magnetization. For a bulk sample, a corresponding change in length is observed, where the resulting lattice strain is called magnetostriction. In a thin film however, a magnetization-induced strain of the film is not possible, as the film is bonded to a substrate, and a magnetoelastic stress evolves. This magnetoelastic stress will induce a curvature of a thin substrate, which is then measured by a cantilever crystal curvature technique. The magnetoelastic stress is then quantitatively extracted from the analysis of the magnetization-induced change in substrate curvature, and it is given by the corresponding magnetoelastic coupling coefficients. 12, [39] [40] [41] [42] The epitaxial misfit-induced lattice strain in a thin film can be as large as a several percent, and therefore the impact of strain on the magnetoelastic properties can be investigated over a larger strain range.
Another approach for measuring magnetoelastic coupling coefficients exploits the correlation between lattice strain and magnetic anisotropy, and it is based upon straining a sample by bending it. The resulting change in the magnetic anisotropy is extracted from the bending-induced change in a hard axis magnetization loop. This technique has been applied to amorphous alloys and metallic glasses, which were prepared in the form of a ribbon sample. 43, 44 The maximum strain variation by bending is limited by the possibility of substrate breakage, and it is only of the order of 10 −4 as the sample might break for larger strains.
All experimental investigations on magnetoelastic coupling by either technique indicate that the magnetoelastic coupling coefficients of nanometer thin films and at surfaces of bulk samples differ from the respective bulk values. Many results were obtained by the cantilever curvature technique applied to strained epitaxial films, 12, 39, [45] [46] [47] and some results are summarized in Ref. 13 . It is found that the in-plane film strain modifies the magnetoelastic coupling. However, more measurements are required for a better understanding of the role of lattice strain for the modified magnetoelastic coupling. Here we present data on highly strained systems, where the epitaxial misfit-induced stress can be of the order of 10 GPa, as shown in Sec. II B 1 on film stress below.
The working principle of our stress measurement is based on an optical two-beam deflection technique. The stressinduced curvature of a thin single-crystal substrate is measured from the deflection of laser beams, which are reflected from the curved substrate onto position sensitive detectors. 29, 30 We deposit the film material onto the front of the substrate, and the stress imbalance between the filmcovered front surface and the back side of the substrate induces a change in substrate curvature, which is ascribed to the film stress.
We exploit two sources of stress, the epitaxial misfitinduced films stress F and the magnetization-induced magnetoelastic stress ME . The strength of this approach is that we can directly investigate the impact of misfit-induced film stress and strain on the magnetoelastic properties. , where a S and a F denote the lattice constants of the substrate and film, respectively. Note that Y and are anisotropic in general, and the corresponding tensor transformations of the elastic properties need to be performed to account for the epitaxial orientation under investigation. 12, 30 We study cubic films with ͑100͒-orientation, and here the ratio Y F / ͑1− F ͒ is isotropic in the ͑100͒-plane. The same holds true for the elastic properties of the substrate, which are calculated accordingly. Table I The stress in each layer of the film contributes to the stress-induced curvature 1 / R of the substrate. The following relation gives the relation between film stress F and curvature 1 / R, 12,30
where the substrate thickness is given by t S , the film thickness by t F and the subscripts F and S identify film and substrate properties, respectively. A constant film stress induces a curvature, which increases with film thickness. Thus, the slope of a plot F t F as a function of t F gives the film stress F . Note, that epitaxial misfit induces a biaxial stress in general, and the analysis relies on a free two-dimensional curvature of the substrate even though the curvature is measured only along the length of the substrate. Near the clamping of the substrate its curvature along the width is hindered. Therefore, we use substrates with a large length-to-width ratio of 4-5, and this ensures a free two-dimensional bending near the bottom, free end of the substrate, where the measurements are taken. For length-to-width ratio smaller than 2, corrections need to be considered, which account for the influence of clamping. 12, 52, 53 The epitaxial misfit remains constant during film growth until the critical thickness t c of pseudomorphic growth is reached, and the misfit strain relaxes. Thus, beyond pseudomorphic growth a smaller film strain ⑀ is measured, and the film stress F is reduced. Our measurements indicate the end of pseudomorphic growth around 10 ML for bcc Fe on Ir͑100͒ and around 2 ML for Co and Ni on Ir͑100͒. This difference is ascribed to the magnitude of epitaxial misfit, which is larger for Co and Ni, and smaller for bcc Fe ͑see Table I͒ . A curvature measurement at a film thickness t F beyond t c reflects the average stress within the film.
The average film strain ⑀ is calculated from ⑀ =
, where ⌬͑ F t F ͒ is the stress change measured between the beginning of growth at t F = 0 and the end of growth at t F . This analysis is followed throughout this work to extract the average film strain ⑀ from film stress-induced curvature measurement.
Magnetization-induced stress
A change in the magnetization direction of a sample along noncollinear directions induces a corresponding change in the magnetoelastic stress. 21 The resulting magnetostrictive change in length of a bulk sample was introduced above. The reorientation of the magnetization of a film, e.g., along two in-plane directions, induces a biaxial stress change, which gives rise to an anticlastic curvature of the film-substrate composite. 13 Thus, the measurement of the change in curvature upon a reorientation of the magnetization offers access to the effective magnetoelastic coefficients B i eff , as discussed in the literature. 12, 54 The magnetoelastic coupling coefficients B 1 and B 2 of a cubic material are determined from the magnetoelastic stress change upon a reorientation of the magnetization along orthogonal directions within the ͑100͒ plane. For the measurement of B 1 , the magnetization M is aligned along ͓100͔ and ͓010͔ directions, and B 1 follows as B 1 = Mʈ100 −
Mʈ010
. Similarly, the values of B 2 are obtained by switching the magnetization direction from ͓110͔ to ͓110͔, B 2 = Mʈ110 − Mʈ110 . See Fig. 1 for an identification of directions within the Ir͑100͒ surface.
Two Ir͑100͒ substrates are used in the experiment to obtain both B 1 and B 2 . One crystal has its length and width along Ir͓100͔ and ͓010͔, the other along Ir͓110͔ and ͓110͔, respectively. For each determination of the effective B i value, the magnetoelastic stress measurements are repeated at least three times, and the presented value is the average of these measurements. The error bar of B i is given by the standard deviation of these measurements. 
III. RESULTS
A. Film stress and structure
The Ir͑100͒-substrate can be prepared with three different surface reconstructions, ͑1 ϫ 1͒, ͑5 ϫ 1͒-H, and quasihexagonal ͑5 ϫ 1͒Hex. These surface structures have been studied by LEED, scanning tunnel microscope ͑STM͒, and other techniques. 37, 57, 58 We prepared these different surface structures to investigate the impact of the different surface reconstructions on stress and magnetic anisotropy of nanometer thin films. 59 We found some dependence on the different preparations on both stress state and magnetic properties. We show one example of the impact of the ͑5 ϫ 1͒-H vs the ͑1 ϫ 1͒ structure on film stress in Fig. 2͑c͒ and for the magnetoelastic stress of Fe in Fig. 3͑a͒ . The ͑5 ϫ 1͒-H surface leads to smaller film strain in thicker films Ͼ40 ML, as compared to the ͑1 ϫ 1͒ surface.
In the following, we focus on the ͑1 ϫ 1͒ surface as a template for subsequent growth of Fe, Ni, and Co. This preparation avoids possible additional complications due to the incorporation of Ir and H atoms into the film, which are expected for the ͑5 ϫ 1͒Hex and the ͑5 ϫ 1͒-H structures, respectively. Figure 2 summarizes the stress change ⌬͑ F t F ͒ measured during growth of Fe, Co, and Ni layers on Ir͑100͒ at 300 K. The insets show an enlarged view of the stress change for the deposition of the first 3 ML. Panel ͑d͒ shows LEED pattern for Fe films of the indicated thickness, and the bottom panel shows a zoom-in to the ͑00͒ diffraction spot. Figure 2͑a͒ shows the stress due to Co growth on Ir͑100͒-͑1 ϫ 1͒. A tensile stress change is observed as the film thickness increases. Between 1 and 2 ML, the slope of the stress curve is almost constant, and it indicates a tensile film stress of +17 GPa. The stress relaxes after 2 ML and keeps increasing up to Ϸ40 ML, where the shutter of the evaporator has been closed. LEED measurements 59 for 2 ML Co show almost identical ͑1 ϫ 1͒ patterns as compared to clean Ir͑100͒, suggesting pseudomorphic growth. Extra spots emerge around the original spots in the ͑1 ϫ 1͒ pattern for film thickness larger than 5 ML, suggesting the formation of misfit distortions. 55, 56 The stress curve for Ni growth on Ir͑100͒-͑1 ϫ 1͒ is shown in Fig. 2͑b͒ . Similarly to the stress results presented for Co on Ir͑100͒, a large film stress of +15 GPa is observed from 1 to 2 ML. The stress relaxes for films thicker than 2 ML, and the film stress continues to increase up to the deposition of Ϸ40 ML. LEED measurements 59 show clear ͑1 ϫ 1͒ patterns similar to that of the clean Ir͑100͒-͑1 ϫ 1͒ surface for a Ni thickness of up to 5 ML. The diffraction spots get blurred for films thicker than 5 ML.
The stress change during deposition of Fe on Ir͑100͒-͑1 ϫ 1͒ is shown in Fig. 2͑c͒ . Here, a tensile stress of +7 GPa is measured between 1-2 ML and then a compressive stress of −10 GPa is observed from 2-10 ML. The kink in the stress curve at 2 ML clearly marks the change in film stress from tensile to compressive. The film stress continues to change with a considerable slope up to the largest film thickness of 40 ML shown here.
LEED measurements of Fe/Ir͑100͒ ͑Ref. 59͒ ͓Fig. 2͑d͔͒ show ͑1 ϫ 1͒ patterns for t F Յ 10 ML. With increasing film thickness beyond 10 ML, extra satellite spots appear 56 around the original spots, which were indicative for a 1 ϫ 1 structure. From this we conclude that the critical thickness for pseudomorphic growth of Fe on Ir͑100͒ is around 10 ML.
The insets of all stress curves indicate the stress change during the initial film growth up to 3 ML. All examples show that the stress curve up to the deposition of roughly 1 ML changes its slope continuously. In this low coverage regime, the change in surface stress of Ir upon coverage with the film material is essential, and this stress is not correlated with the epitaxial misfit. 60 Thus, a reduced slope, even a compressive stress for Fe, is observed.
B. Magnetoelastic coupling coefficients
The magnetoelastic coupling coefficients are obtained from magnetoelastic stress measurements for films of different thickness from a few monolayers up to about 10 nm ͑Ϸ50 ML͒. The in-plane strain ⑀ ʈ is calculated from the averaged film stress as explained above. The experimentally determined effective magnetoelastic coupling coefficients B 1 eff and B 2 eff are presented in Fig. 3 .
The data of 
C. Magnetic anisotropy
MOKE measurements show hysteresis loops with full remanence for Fe layers with t F Ն 4 ML and for Co layers with t F Ն 2 ML. We have not observed magnetic hysteresis curves in Fe films thinner than 4 ML and in Co films thinner than 2 ML even at a lower temperature of 180 K. These results reveal that the easy axis of magnetization is in plane for Fe ͑t Ն 4 ML͒ and Co ͑t Ն 2 ML͒ on Ir͑100͒.
The magnetic anisotropy is different for Ni on Ir͑100͒. As shown in the inset of Fig. 4 , squarelike hysteresis loops are observed by polar MOKE measurements for Ni with 7 Յ t F Ͻ 15 ML, indicating an out-of-plane easy magnetization axis. Above 15 ML, longitudinal MOKE measurements show squarelike hysteresis loops along Ni͗100͘ and ͗110͘, whereas the polar MOKE measurements do not indicate an easy axis loop. These results reveal that the easy magnetization direction changes from out of plane to in plane with increasing film thickness around 15 ML.
IV. DISCUSSION
A. Structure and film strains from stress and LEED measurements
According to linear elasticity theory, the film stress F during pseudomorphic growth is proportional to the misfit between film and substrate, and it is given by F = ͑ Y 1− ͒ F . 12 Therefore stress measurements can be exploited to deduce pseudomorphic misfit strain and film strain ⑀ from respective stress measurements in the pseudomorphic regime and beyond, respectively. Beyond pseudomorphic growth, the stress analysis gives an average in-plane strain ⑀ ʈ of the film. By combining stress and LEED measurements, we can quantitatively analyze the lattice strain of monolayers.
For Fe on Ir͑100͒, the misfit between the in-plane lattice spacing of bcc-Fe and Ir͑100͒ is −5.3%, between fcc-Fe and Ir͑100͒ it is +7.4%. As a result, a compressive film stress of F = −11 GPa is expected for bcc-Fe, and a tensile stress of F = + 11.4 GPa is expected for fcc-Fe on Ir͑100͒.
As shown in Fig. 2͑c͒ , we observe large compressive stress of −10 GPa from 2 up to 10 ML, and this is ascribed to the misfit between bcc-Fe and Ir͑100͒. The tensile stress of +7 GPa between 1 and 2 ML is ascribed to the growth of a fcc-Fe precursor. A bcc Fe film grows on its top for t F Ͼ 2 ML. This scenario is supported by a quantitative LEED study. 61 Both the relaxed film stress and the extra diffraction spots in the LEED pattern 61 indicate that a dislocation network is formed for the deposition of more than 10 ML Fe. The pseudomorphic growth of bcc-Fe ends at 10 ML.
For Co and Ni on Ir͑100͒, the large film stress of +17 and +15 GPa between 1 and 2 ML is ascribed to the misfitinduced stress of pseudomorphically strained fcc-Co and fcc-Ni films on Ir͑100͒, respectively. For both fcc-Co and fcc-Ni pseudomorphic growth ends at 2 ML. Beyond the end of pseudomorphic growth, the film stress continues to change with increasing film thickness.
The most important conclusion from the stress measurements is that the magnitude of film strain remains sizable with a magnitude in the high subpercent range even for a thickness beyond pseudomorphic growth. Beyond pseudomorphic growth diffraction experiments such as LEED indicate extra spots, which are ascribed to the formation of misfit dislocations. 61 However the observation of diffraction patterns which are due to misfit dislocations does by no means imply that the film strain drops to zero once misfit dislocations are formed.
Our stress results also disagree with the strain prediction of a simple coincidence lattice approach, 62 which has been proposed to tackle film strain beyond pseudomorphic growth. Such a model suggests a considerably reduced average film strain, often by an order of magnitude, which is in contrast to the large stress which we measure beyond pseudomorphic growth. To obtain a more efficient strain relaxation, compared to what we observe for deposition on Ir͑100͒ at 300 K, thermal annealing of the film structure might be called for. We refrained from doing this to avoid potential intermixing at the film-substrate interface, which would render the analysis of the data more troublesome due to the resulting inhomogeneous elemental composition.
Our stress measurements identify a residual film strain of up to 1% even in nanometer thick films. This residual film strain has an important impact on the magnetoelastic coupling, as discussed below.
B. Strain-dependent magnetoelastic coupling
The compilation of our experimental data on the effective magnetoelastic coupling B i eff in Fig. 3 clearly shows that in all examples B i eff deviates strongly from the respective bulk value. As indicated in Fig. 3͑a͒ , for Fe films with different thickness ͑20 ML as compared to 15 ML͒ but similar film strain, the values of B 1 eff are alike. This implies that the magnetolastic coupling coefficient B 1 eff is strain dependent rather than thickness dependent.
Our result of a strain-dependent magnetoelastic coupling has important implications for the understanding of the magnetic anisotropy of epitaxial monolayers, and this aspect will be discussed below for the spin-reorientation transition ͑SRT͒ of Ni on Ir͑100͒. Here we present our analysis of the deviation of B i eff from its bulk value. Magnetoelastic coupling coefficients, which differ from the bulk value have been reported before. 12, 39, 44, [63] [64] [65] [66] The common characteristic of these works was that either a thin film ͑t F Ϸ nanometer range͒ or a surface sensitive measurement technique 44 had been used. Thus, the first description of the unexpected behavior of B i eff was discussed in view of a so-called surface effect, where a deviation of B i eff ͑t F ͒ = B bulk + const/ t F has been proposed. This view suggests that B i eff approaches the bulk value with increasing film thickness. However, later experimental work has provided clear evidence that this approach is not valid. For example films of the same thickness but different stress have been prepared and their magnetoelastic coupling has been measured to be different. 39 These results indicate different B i eff for the same film thickness, disqualifying the general applicability of a so-called surface effect. In contrast, these results indicate the decisive role of strain.
The effect of lattice strain on the magnetoelastic coupling has been identified as an important contribution to B i eff . 64 ͑⑀͒ might be disguised by the thickness dependence of lattice strain. 13 However, a variation in lattice strain in proportion to 1 / t F cannot be confirmed experimentally, and a more complicated relation between ⑀ and t F has been proposed. 13 In Fig. 3 the values of B i eff are plotted as a function of the average film strain ⑀ ʈ . The strain dependence of B i eff is described by B i Fig. 3 reveal that in some cases this approach gives a reasonable description of the experimental data. This description of the experimental results support the idea of a strain-dependent magnetoelastic coupling. Also ab initio calculations support this view, and a strain dependence of the magnetoelastic coupling has been explicitly proposed. [70] [71] [72] [73] [74] [75] The compilation of our results of B i eff in Fig. 3 indicates that the following relations give a reasonable fit of the experimental data in terms of B i eff ͑⑀ ʈ ͒, where ⑀ ʈ is the average in-plane strain of the film:
͑a͒ bcc-Fe with negative film strain, In this study we fitted all the data obtained by ME stress measurements without forcing the bulk value for zero strain. We acknowledge that a linear fitting of the strain dependent B i eff = B i + D i ⑀ considers only first-order and second-order strain terms in the expression of the magnetic anisotropy, and higher-order terms may also play an important role. 72 The values of B i and D i are obtained from least-square fitting of the experimentally determined B i eff and ⑀ ʈ . We refrain from fitting a linear function to the data points for B 2 eff of Fe and Co in Figs. 3͑b͒ and 3͑d͒. We judge that the scatter of these data points does not justify this. We note that for B 2 of Co and Fe also the surface effect model B 2 eff ͑t F ͒ does not give a valid description, and we remark that for both cases the measured values deviate sharply from the published bulk values, as indicated in Fig. 3 . It remains an open question whether the data of B 2 of Co and Fe should be rather described with higher-order strain contributions. In view of the experimental error bars we do not follow this approach here.
C. Nonlinear magnetoelastic coupling: Experimental results in comparison with theoretical predictions
Before comparing our results to those of the theory, we elucidate important aspects in the description of our results in view of a theoretical analysis, which acknowledges the symmetry of the underlying expressions fully.
Our experimental results on a linear strain dependence of B eff ͑⑀͒ = B + D⑀ ʈ gives rise to a magnetoelastic anisotropy contribution to the magnetic anisotropy in proportion to B eff ͑⑀͒⑀ ij , i.e., second-order in strain. This leads to the expression nonlinear magnetoelastic coupling, which we use here.
The magnetoelastic ͑ME͒ energy density can be expanded as a function of higher-order strain contributions as f ME = f ME ͑1͒ + f ME ͑2͒ +..., in which the superscript refers to the order of strain contributions. The justification of this expansion is given in Ref. 40 based on a phenomenological theory of nonlinear magnetoelasticity. It is simplified by limiting the expansion to the quadratic harmonic polynomials in ␣ i :
In these expressions B 1 and B 2 are the first-order ME coefficients. m 1 ␥,2 , m 2 ␥,2 , m 1 ⑀,2 , m 2 ⑀,2 , m 3 ␥,2 , and m 3 ⑀,2 are the second-order ME coefficients. m 1 ␥,2 and m 2 ␥,2 are related to pure tensile strains, m 1 ⑀,2 and m 2 ⑀,2 are related to tensile and shear strains, and m 3 ␥,2 and m 3 ⑀,2 are related to pure shear strain.
In the magnetoelastic stress measurements, the magnetization is switched between certain directions, and the magnetoelastic-coupling-induced stress change during the process is related to the ME coefficients according to the geometry of the measurement. Theory suggests six geometries which allow us to extract the ME coefficients from ME stress measurements. 73 In practice, the available geometries of ME stress measurements are often limited by the external magnets, i.e., by the geometry and strength of the magnetic fields. For example, the magnetic field is normally applied along two orthogonal directions, and it may occur that one direction is a hard magnetization axis, and the magnetization cannot be saturated along that direction. Therefore it is very difficult to perform ME stress measurements along all proposed geometries.
In view of this experimental constraint, our measurements of effective ME coefficients B i eff do not give directly the second-order ME coefficients as defined above but a combination thereof with first-order ME coefficients and elastic constants. According to the geometry of the ME stress measurements of this work, the expression of B i eff in terms of the magnetoelastic coefficients in Eq. ͑2͒ is as follows:
Here the in-plane film strain is ⑀ 11 = ⑀ 22 = ⑀ ʈ , and the out-ofplane strain follows as ⑀ Ќ =−2 c 12 c 11 ⑀ ʈ . Together with Eqs. ͑1͒ and ͑2͒, the relation between magnetoelastic energy and film strain is given by a parabolic expression, where both first-order and second-order strain contributions enter. Higher-order contributions in strain may lead to more complicated curves, 22, 72 and also a nonmonotonic dependence of the magnetic anisotropy on strain may result. Table II shows that a quantitative agreement between theory and experiment is not observed for any result. Note, that different calculation schemes, local spin-density approximation ͑LSDA͒ and generalized gradient approximation ͑GGA͒, produce different results. Also, experimental data of the same element vary between the present results on Ir as compared to previous work.
To appreciate the disagreement between the data it is important to acknowledge that also the consideration of the experimental error bars for all values, as presented above, does not change the result of an overall poor agreement.
The disagreement between experiment and theory for B 2 of unstrained bulk Fe has been discussed before, 73 and it has been concluded that the calculation methods are inherently flawed for the calculation of the magnetoelastic properties of Fe. This remark illustrates clearly the difficulty of an ab initio based calculation of magnetoelastic effects.
We may speculate about the origin of the discrepancy between all data, and we may suggest that the description of the impact of strain on the magnetoelastic coupling cannot be described in view of a simple linear strain correction over a wide range of strain. This speculation might be corroborated by the results on bcc Fe.
Comparing B 1 and D 1 for bcc-Fe with negative strain ͑⑀ ʈ between −1% and −4%͒ to the previous experimental results for bcc-Fe under positive strain, one finds that the values of B 1 are almost the same, while D 1 is quite different for both strain situations. This might suggest that the strain dependence of B i is not the same for positive and negative strains, which is in line with a nonmonotonic dependence of magnetic anisotropy on the lattice distortion. Tentatively, we may ascribe this to higher-order strain contributions to the magnetic anisotropy. The inclusion of higher-order strain contributions could also account for the opposite sign of D 1 for fcc-Ni on Cu͑100͒ ͑Ref. 66͒ ͑high strain, ⑀ ʈ between 1%-2.5%͒ and Ir͑100͒ ͑this study, low strain, ⑀ ʈ ϳ 0.4% -0.7%͒.
A further issue could be related to our derivation of film strain from film stress. Our analysis of the average film strain as derived from the stress measurements neglects a possible spatial variation in strain throughout the film volume. Due to the lack of a more sophisticated strain analysis, we assume a proportionality between stress and strain. It has been proved by previous experiments that this treatment works well for ultrathin films of a few monolayers, 12 but it may be questionable at higher film thickness. An illustration of the shortcoming of a simple strain analysis might be indicated for B 2 eff of fcc-Co on Ir͑100͒ ͓Fig. 3͑d͔͒, which might suggest a different strain dependence for a film thickness below and above 20 ML.
We conclude this section with the important and clear conclusion that all experimental results and calculations indicate that even a small strain in the subpercent range can h B 2 eff of bcc-Fe has been measured, see Fig. 3͑b͒ , but the scatter of the data does not allow for a description in terms of B 2 = B 2 ͑⑀͒. modify the magnetoelastic coupling significantly. This statement remains valid irrespective of a conclusive theoretical description of all results.
D. Nonlinear magnetoelastic coupling and its impact on the magnetic anisotropy
The magnetoelastic anisotropy is often a decisive contribution to the magnetic anisotropy of epitaxially strained films. 12, 13 The magnetoelastic anisotropy is used to calculate the difference in energy density between an out-of-plane magnetization and an in-plane magnetization.
Both magnetization directions give rise to different magnetoelastic anisotropies, as the film is tetragonally distorted with different strains in plane as compared to out of plane. For strained ͑100͒ cubic films the magnetoelastic contribution is calculated from f ME = B 1 eff ͑⑀ ʈ − ⑀ Ќ ͒. Accordingly, a positive f ME favors an easy axis out of plane, and a negative f ME favors an in-plane easy magnetization direction. The strain-dependent magnetoelastic anisotropy curves of Fe, Co, and Ni films are shown in Fig. 5 . They are calculated using B 1 eff from our experimental values, and the bulk behavior of a constant B 1 eff is shown for comparison. As shown in Fig. 5 , our study indicates that the positive value of the magnetoelastic anisotropy for bcc-Fe͑001͒ and fcc-Ni͑001͒ films favors an out-of-plane orientation of the easy magnetization direction. Whether an out-of-plane easy magnetization direction is observed depends on the magnitude of the stray field energy, which acts against a polar magnetization. Its contribution is decisive for Fe, and the easy magnetization direction is in plane. However, for Ni both contributions can cancel, and an out-plane magnetization is observed, as discussed below. For fcc-Co͑001͒ films the magnetoelastic anisotropy energy is always negative, and this favors an in-plane easy axis, which is observed in our experiments.
The magnetic anisotropy energy density f MA is given by f MA = f ME − 
We replace B 1 eff with the expression given in Sec. IV C, and we obtain a parabolic plot of f MA as a function of in-plane strain ⑀ ʈ presented in Fig. 6͑a͒ . This approach is followed to discuss the spin reorientation transition in Ni/Ir͑100͒, see Fig. 4 .
The calculated magnetic anisotropy energy of Ni on Ir͑100͒ is plotted in Fig. 6͑a͒ , and the in-plane strain as a function of thickness is shown in Fig. 6͑b͒ . The straindependent magnetoelastic coefficient B 1 eff of Ni on Ir͑100͒ leads to a strain-dependent magnetic anisotropy as shown in Fig. 6͑a͒ ͑solid curve͒.
The estimation of f MA using a constant bulk value of B 1 is also shown as the dashed line for comparison. The intersections of the curves with the line of f MA indicate the critical film strain where a spin reorientation is expected. The solid curve of f MA with the experimental value of B 1 eff shows that as the film strain increases beyond 1.4%, f MA changes from negative to positive and the easy magnetization direction changes from in plane to out of plane. In contrast, the bulk value B 1 bulk leads to a critical film strain of ⑀ ʈ ϳ 0.7%. The thickness dependence of the in-plane strain as shown in Fig.  6͑b͒ indicates that the film strain decreases as the film thick- FIG. 5 . Magnetoelastic anisotropy for an out-of-plane magnetization direction of Fe͑001͒, Co͑001͒, and Ni͑001͒ films. The hollow dots are calculated directly from the magnetoelastic stress measurements; the solid curve is from the linear fitting of B 1 eff as given in equations ͑a͒-͑d͒, and the uncertainty caused by the error bar indicated in parentheses in equations ͑a͒-͑d͒ is shown as the shaded area. The boarder of the shaded area is from the curve with the extreme conditions. The dash-dot line is calculated with the bulk value, i.e., a constant magnetoelastic coupling, giving rise to a linear magnetoelastic anisotropy contribution. ness increases. Combining the data from Figs. 6͑a͒ and 6͑b͒ tells us that the constant bulk value of B 1 bulk forces the spin reorientation at t F = 35 ML, in contrast to the experimental observation.
However, the experimentally determined value of B 1 eff gives a spin reorientation at about t F = 15 ML, in good agreement with the experimental observation. The error bar of the B 1 eff from magnetoelastic stress measurement is also taken into account causing the uncertainty of f MA and t F where a spin reorientation may happen, and it is shown as the shaded area in Fig. 6 . We conclude that only the consideration of a nonbulklike B i eff gives a proper description of the thickness dependence of the SRT. This agreement between estimated and experimentally observed thickness of the SRT supports the concept of a strain-induced change in the magnetoelastic coupling coefficient B 1 eff . Similarly, the magnetic anisotropies are also estimated for Fe and Co on Ir͑100͒ with both the experimentally determined B 1 eff and bulk values of B 1 bulk . Here, the balance of the magnetic anisotropy energy density shows an in-plane easy magnetization direction in the thickness range we studied for both Fe and Co. These results are consistent with our MOKE measurements, which indicate an in-plane easy magnetization. 59 
V. CONCLUSIONS
Direct measurements of the magnetoelastic coupling coefficients of epitaxial monolayers reveal nonbulklike magnetoelastic couplings in Fe, Co, and Ni epitaxial layers on Ir͑100͒. The combination of film stress and magnetoelastic stress measurements reveals that lattice strain, even in the subpercent level, may change the magnetoelastic coupling considerably. Thus, a reliable discussion of the magnetic anisotropy of strained monolayers needs to consider the effective magnetoelastic coefficients. Reference to bulk magnetoelastic coefficients may produce erroneous results.
The application of the effective magnetoelastic coefficients lead to a proper description of spin reorientation transitions in strained monolayers. Our experimental results broaden the scarce database of magnetoelastic coupling coefficients, and they may serve as a comparison for recent and future calculations of magnetoelastic properties. At present, the agreement between theory and experiments is unsatisfactory and more work is called for.
